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Introduction {#s1}
============

Types 2 diabetes mellitus (T2DM) accounts for 90--95% of all diabetes cases and causes significant economic and societal burdens globally [@pone.0102706-Shaw1], [@pone.0102706-Zhang1]. Thiazolidinediones (TZDs) represent one class of drugs used to treat T2DM and they promote insulin sensitivity to enhance glucose consumption [@pone.0102706-Krishnaswami1], [@pone.0102706-Krentz1]. TZDs are highly effective oral mediators that exert their anti-hyperglycemic function through targeting peroxisome proliferator-activated receptor γ (PPARγ) [@pone.0102706-Reginato1], [@pone.0102706-Tontonoz1], a master regulator of glucose metabolism [@pone.0102706-Kim1], [@pone.0102706-Barroso1]. In addition, PPARγ also regulates various other biological processes including adipogenesis, lipid metabolism, macrophage biology and inflammation [@pone.0102706-Tontonoz2]--[@pone.0102706-Lehrke1].

However, clinical evidence has established that TZD treatments increase the risk of fracture in patients with T2DM [@pone.0102706-Moseley1]--[@pone.0102706-Bazelier1]. Available data indicate that TZDs modulate bone remodeling through various bone cells including osteoblasts, osteocytes and osteoclasts [@pone.0102706-Mabilleau1]. It has been shown that TZDs induce preferential differentiation of mesenchymal stem cells into adipocytes instead of osteoblasts by activating PPARγ [@pone.0102706-LeckaCzernik1], leading to bone loss and structural deterioration [@pone.0102706-Ali1], [@pone.0102706-Rzonca1]. Moreover, TZDs also negatively affect bone formation by inducing the apoptosis of osteocytes and increasing expression of sclerostin [@pone.0102706-Soroceanu1], [@pone.0102706-Mabilleau2]. On the other hand, while a number of groups have also investigated the effects of TZDs on osteoclastogenesis [@pone.0102706-Okazaki1]--[@pone.0102706-Wu1], these studies generated controversial findings. Among these studies, seven demonstrated that TZDs exert inhibitory effects on osteoclastogenesis [@pone.0102706-Okazaki1]--[@pone.0102706-Cho1]; in contrast, two investigations showed that these PPARγ agonists promote osteoclast formation in an PPARγ-dependent manner [@pone.0102706-Wan1], [@pone.0102706-Wu1].

Osteoclasts, the multinucleated bone-resorbing cells, not only play a crucial role in skeletal development and adult bone remodeling but are also implicated in the pathogenesis of various bone disorders [@pone.0102706-Teitelbaum1], [@pone.0102706-Feng1]. Osteoclasts differentiate from mononuclear cells of the monocyte/macrophage lineage upon stimulation by the monocyte/macrophage colony stimulating factors (M-CSF) and the receptor activator of NF-κB ligand (RANKL) [@pone.0102706-Boyle1]. Whereas M-CSF mainly stimulates proliferation and survival of bone marrow macrophages (BMMs, namely, osteoclast precursors), RANKL primarily drives osteoclast differentiation. RANKL binds to its receptor RANK, a member of the TNF receptor superfamily, to activate numerous signaling pathways (NF-κB, JNK, ERK, p38 and Akt) [@pone.0102706-Boyle1], [@pone.0102706-Feng2]. RANKL also up-regulates the expression of nuclear factor of activated T-cells c1 (NFATc1), which plays an essential role in osteoclastogenesis [@pone.0102706-Takayanagi1]. c-Fos is another factor crucially involved in osteoclastogenesis [@pone.0102706-Grigoriadis1]. RANKL increases the expression of c-Fos which cooperates with NFATc1 to regulate gene expression during osteoclastogenesis [@pone.0102706-Takayanagi1]. Thus, these RANKL-activated signaling pathways promote osteoclastogenesis in part by regulating the expression of genes including those encoding matrix metalloproteinase 9 (MMP9), cathepsin K (Ctsk), tartrate-resistant acid phosphatase (TRAP) and carbonic anhydrase II (Car2) [@pone.0102706-Cappellen1], [@pone.0102706-Rho1].

RANKL promotes osteoclastogenesis in part by committing BMMs into the osteoclast lineage [@pone.0102706-Xu1]. Moreover, we and others have previously revealed that RANKL-mediated osteoclast lineage commitment of BMMs determines the effects of numerous factors on osteoclastogenesis. Lipopolysaccharide (LPS), a common bacteria-derived product implicated in the periodontal bone loss, inhibits osteoclastogenesis from freshly isolated BMMs but stimulates osteoclast formation from RANKL-pretreated BMMs [@pone.0102706-Liu1], [@pone.0102706-Zou1]. Furthermore, whereas interferon-γ (IFN-γ), a potent anti-osteoclastogenic factor, strongly inhibits osteoclastogenesis from fresh BMMs, the suppressive effect is significantly reduced when osteoclast precursors are pre-exposed to RANKL [@pone.0102706-Huang1], [@pone.0102706-Cheng1]. IL-1 and TNF-α, two proinflammatory cytokines, are unable to promote osteoclastogenesis without RANKL. However, they can do so in the presence of low levels of RANKL or with RANKL pretreatment [@pone.0102706-Lam1]--[@pone.0102706-Wei1].

In this work, given the controversy on the role of TZDs in osteoclastogenesis, first we independently and thoroughly carried out a series of *in vitro* assays to further investigate the effects of TZDs on osteoclastogenesis. In particular, we performed the assays with rosiglitazone and pioglitazone, which are two common forms of TZDs used to treat T2DM, in parallel to obtain more convincing data. Moreover, given that RANKL-mediated osteoclast lineage commitment of BMMs has been shown to determine the effects of LPS, IFN-γ, IL-1 and TNF-α on osteoclastogenesis, we also examined whether RANKL-mediated osteoclast lineage commitment alters the effect of TZDs on osteoclastogenesis. Finally, we carried out mechanistic studies to gain insights into the molecular mechanism by which TZDs modulate osteoclastogenesis.

Materials and Methods {#s2}
=====================

Chemicals, biological reagents and mice {#s2a}
---------------------------------------

Rosiglitazone (R2408), pioglitazone hydrochloride (E6910) and dimethyl sulfoxide (DMSO) (D2438) were purchased from Sigma-Aldrich (St. Louis, MO). Stock solutions (2×10^4^µM) of rosiglitazone and pioglitazone were prepared in DMSO monthly and stored at 4°C. Recombinant purified glutathione S-transferase-RANKL was purified as described previously [@pone.0102706-McHugh1]. Mouse M-CSF was prepared from an M-CSF-producing cell line as previously described [@pone.0102706-Takeshita1]. Recombinant mouse TNF-α (410-TRNC-050) was purchased from R&D system (Minneapolis, MN). The following antibodies were purchased from Cell Signaling Technology, Inc. (Beverly, MA): antibodies against IκBα (\#9242), phosphor-IκBα (\#2859s), p44/42ERK (\#9102), phospho-44/42ERK (\#9101s), JNK (\#9252), phospho-JNK (\#9251s), p38 (\#9212), phospho-p38 (\#9211s), and lamin A/C (\#2032s). Antibodies against NFATc1 (sc-7294), RANK (sc-7624) and c-Fos (sc-253) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Catalog numbers for the chemicals and biological reagents are provided in parentheses. C57BL/6 mice were purchased from Harlan Industries (Indianapolis, IN), and were maintained in the animal facility at University of Alabama at Birmingham (UAB). The study was approved by UAB institutional animal care and use committee (IACUC) (animal protocol number: 130407854). The experiments involving mice were performed in accordance with the Instructions and Regulations of UAB IACUC.

In vitro osteoclastogenesis assays {#s2b}
----------------------------------

BMMs were isolated from long bones of 4-to-6-week-old male and female C57BL/6 mice. To generate osteoclasts, 5×10^4^ cells were plated per well in 24-well tissue culture plates and treated with different doses of M-CSF and RANKL as indicated in individual experiments. Osteoclasts were stained for TRAP activity with a leukocyte acid phosphatase commercial kit (Sigma, 387-A). The images of osteoclastogenesis assays were obtained using Olympus IX70 Fluorescence Microscope (Shinjuku, Japan).

In vitro bone resorption assays {#s2c}
-------------------------------

BMMs, 5×10^4^ cells per/well, were seeded on bovine cortical bone slices in 24-well tissue culture plates. Cells were treated under conditions indicated in individual experiments to promote osteoclastogenesis and bone resorption for up to 10 days. Then, bone slices were harvested, and cells were removed from bone slices with 0.25 M ammonium hydroxide and mechanical agitation. Bone slices were subjected to scanning electron microscopy (SEM) using a Philips 515 SEM (Materials Engineering Department, UAB). Bone resorption surfaces were quantified by measuring the percentage of the pits area in 5 random areas using the ImageJ analysis software obtained from National Institutes of Health.

Western blot assays {#s2d}
-------------------

For the assays performed to assess the activation of IκBα/NF-κB, ERK, JNK, p38 pathways, BMMs were washed twice with ice cold PBS and then lysed with the lysis buffer from Cell Signaling Technology (\#9803s), supplemented with protease inhibitor (\#8340) and phosphatase inhibitor cocktail 1 (\#2850) and 2 (\#5726) from Sigma-Aldrich. For NFATc1, RANK and c-Fos expression assays, BMMs were washed twice with ice cold PBS and then lysed with the lysis buffer from Cell Signaling Technology (\#9803), supplemented with protease inhibitor (\#8340). Cytoplasmic and nuclear extracts were prepared using the NE-PER Nuclear and Cytoplasmic Extraction Reagents (Catalog No: 78833) from Thermo Scientific (Rockford, IL). Lysates were then subjected to Western blot analysis as described in our previous study [@pone.0102706-Jules1] except that the primary antibodies against NFATc1, RANK and c-Fos were incubated in 5% nonfat dry milk solution (TBS containing 0.1% Tween 20). Membranes were washed extensively, and an ECL detection assay was performed using a Super Signal West Dura kit from Pierce. Densitometric analysis of Western blot bands was performed using FluiorChem 8900 imager from Alpha Innotech (Santa Clara, CA).

Semi-quantitative RT-PCR analysis {#s2e}
---------------------------------

Total RNA was isolated from BMMs using TRIzol reagent from Invitrogen (Carlsbad, CA). Reverse transcription was performed using the Superscript III RT-PCR system (Invitrogen) according to standard protocol. In brief, 2 µg of total RNA was reverse-transcribed to cDNA with oligo (dT) in a 20 µl volume at 50°C for 60 min. The reverse transcription reaction was then followed by enzyme inactivation and RNA H digestion. PCR amplification of the MMP9, Ctsk, TRAP, Car2, and GAPDH genes was carried out as in our previous [@pone.0102706-Jules1]. 25 µl of PCR products was loaded and separated on 2% agarose gel for electrophoretic analysis. The images of PCR product bands were obtained using FluorChem 8900 imager from Alpha Innotech Corporation (San Leandro, CA).

Statistical analysis {#s2f}
--------------------

Bone resorption data are expressed as mean ± S.D. of the percentage of resorbed bone surface and osteoclastogenesis assay data are expressed as mean ± S.D. of the number of TRAP-positive cells/view area at 40× magnification. Statistical analyses were carried out using ANOVA with Bonferroni adjustment or Student's *t*-test. *p* values less than 0.05 are considered significant.

Results {#s3}
=======

TZDs dose-dependently inhibit osteoclastogenesis {#s3a}
------------------------------------------------

Given the controversy on the effect of TZDs on osteoclastogenesis, in this study we seek to perform a series of experiments to fully and independently investigate the role of TZDs in osteoclast biology. It has been established that M-CSF and RANKL are two essential and sufficient factors for osteoclastogenesis [@pone.0102706-Boyle1]. While M-CSF functions to stimulate proliferation and survival of osteoclast precursors, RANKL is the key factor driving osteoclast differentiation. Therefore, our initial set of experiments aims to address whether TZDs can replace RANKL in promoting osteoclastogenesis in the presence of M-CSF. BMMs were treated with M-CSF and RANKL as positive control, or with M-CSF plus different doses of rosiglitazone or pioglitazone in tissue culture plates to promote osteoclastogenesis ([Figure 1](#pone-0102706-g001){ref-type="fig"}). While RANKL treatment led to the formation of osteoclasts, rosiglitazone and pioglitazone failed to induce osteoclastogenesis, indicating that TZDs cannot replace RANKL in promoting osteoclastogenesis.

![Rosiglitazone and pioglitazone do not induce osteoclastogenesis in the absence of RANKL.\
(A) BMMs were treated with M-CSF (44 ng/ml) and RANKL (100 ng/ml) as control, or M-CSF (44 ng/ml) plus different doses (10 µM, 20 µM, 50 µM and 100 µM) of rosiglitazone (Ros) or pioglitazone (Pio) for 4 days. The cultures were stained for TRAP activity. All assays were performed in triplicate and repeated 3 times. One representative view from each condition is shown. (B) Quantification of the osteoclastogenesis assays in A for Ros (left panel) and Pio (right panel). The number of multinucleated TRAP-positive cells (\>3nuclei) per representative view area (40× magnification) was obtained. Bars show averages of three replicates ±S.D. TZD-treated cultures were compared with control cultures. \*\*: P\<0.001.](pone.0102706.g001){#pone-0102706-g001}

Previously, we showed that whereas TNF-α or IL-1 cannot stimulate osteoclastogenesis in the presence of M-CSF, they can do so with low/permissive levels (10 ng.ml) of RANKL or RANKL pretreatment [@pone.0102706-Jules1], [@pone.0102706-Jules3]. Therefore, we performed assays to determine whether TZDs can induce osteoclastogenesis with low levels of RANKL or RANKL pretreatment. As shown in [Figure 2A--2B](#pone-0102706-g002){ref-type="fig"}, TNF-α (5 ng/ml) induced the formation of numerous osteoclasts in the presence of 10 ng/ml RANKL. However, rosiglitazone and pioglitazone at concentrations as high as 100 µM were unable to promote osteoclastogenesis in the presence of 10 ng/ml RANKL. Similarly, TNF-α (5 ng/ml) promoted osteoclastogenesis from BMMs pretreated with 100 ng/ml RANKL for 24 hours ([Figure 2C--2D](#pone-0102706-g002){ref-type="fig"}), rosiglitazone and pioglitazone at concentrations as high as 100 µM failed to do so from RANKL-pretreated BMMs. These data indicate that TZDs are unable to promote osteoclastogenesis with low levels of RANKL or RANKL pretreatment.

![Rosiglitazone and pioglitazone do not induce osteoclastogenesis with low levels of RANKL or RANKL pretreatment.\
(A) BMMs were treated with M-CSF (44 ng/ml) and RANKL (100 ng/ml) as control 1, M-CSF (44 ng/ml) and RANKL (10 ng/ml) as control 2, M-CSF (44 ng/ml) and RANKL (10 ng/ml) plus TNF-α (TNF, 5 ng/ml) as control 3, M-CSF (44 ng/ml) and RANKL (10 ng/ml) plus DMSO or different doses (5 µM, 10 µM, 20 µM or 40 µM) of rosiglitazone (Ros) or pioglitazone (Pio) for 4 days and then stained for TRAP activity. The assays were performed in triplicate and repeated 3 times. One representative view from each condition is shown. (B) Quantification of the osteoclastogenesis assays in A for Ros (left panel) and Pio (right panel). The number of multinucleated TRAP-positive cells (\>3nuclei) per representative view area (40×magnification) was obtained. Bars show averages of three replicates ±S.D. Control 3, DMSO, or TZD-treated cultures were compared with control 2. \*\*: P\<0.001. NS: not significant. (C) BMMs were treated with M-CSF (44 ng/ml) and RANKL (100 ng/ml) for 24 hours and then were continued with M-CSF (44 ng/ml) and RANKL (100 ng/ml) as control 1, M-CSF (44 ng/ml) alone as control 2, M-CSF (44 ng/ml) and TNF (5 ng/ml) as control 3, M-CSF (44 ng/ml) and DMSO, or M-CSF (44 ng/ml) plus different doses (5 µM, 10 µM, 20 µM or 40 µM) of Ros or Pio for additional 3 days. The cultures were stained for TRAP activity. The experiments were performed in triplicate and repeated 3 times. One representative view from each condition is shown. (D) Quantification of the osteoclastogenesis assays in A for Ros (left panel) and Pio (right panel). The number of multinucleated TRAP-positive cells (\>3nuclei) per representative view area (40×magnification) was obtained. Bars show averages of three replicates ±S.D. Control 3, DMSO, or TZD-treated cultures were compared with control 2. \*\*: P\<0.001. NS: not significant.](pone.0102706.g002){#pone-0102706-g002}

Having shown that TZDs are incapable of inducing osteoclastogenesis in the absence of RANKL, in the presence of low levels of RANKL, or with RANKL pretreatment, we further investigated their effects on osteoclastogenesis with optimal levels (100 ng/ml) of RANKL. We found that both rosiglitazone and pioglitazone dose-dependently inhibited RANKL-mediated osteoclastogenesis with complete inhibition of osteoclastogenesis at 40 µM ([Figure 3](#pone-0102706-g003){ref-type="fig"}). Bone surfaces represent the physiological substratum for osteoclastogenesis. To further investigate the effect of TZDs on osteoclastogenesis in a more physiologically relevant manner, we repeated the assays on bone slices. The data reveal that both rosiglitazone and pioglitazone treatment led to a significant reduction in bone resorption at 20 µM and complete absence of bone resorption at 40 µM ([Figure 4](#pone-0102706-g004){ref-type="fig"}), further indicating that TZDs inhibit RANKL-induced osteoclastogenesis.

![Rosiglitazone and pioglitazone inhibit RANKL-mediated osteoclastogenesis in tissue culture plates.\
(A) BMMs were treated with M-CSF (44 ng/ml) and RANKL (100 ng/ml), or M-CSF (44 ng/ml) and RANKL (100 ng/ml) plus vehicle (DMSO) or different doses (5 µM, 10 µM, 20 µM or 40 µM) of rosiglitazone (Ros) or pioglitazone (Pio) for 4 days. The cultures were then stained for TRAP activity. All assays were performed in triplicate and repeated 3 times. One representative view from each condition is shown. (B) Quantification of osteoclastogenesis assays for Ros in A. (C) Quantification of osteoclastogenesis assays for Pio in A. The number of multinucleated TRAP-positive cells (\>3nuclei) per representative view area at 40× magnification was obtained. Bars show averages of three replicates ±S.D. **\***P\<0.05.](pone.0102706.g003){#pone-0102706-g003}

![Rosiglitazone and pioglitazone significantly inhibit the formation of functional osteoclasts on bone slices.\
(A) BMMs were seeded on bone slices and treated with M-CSF (44 ng/ml) and RANKL (100 ng/ml) plus vehicle (DMSO), 20 µM or 40 µM of rosiglitazone (Ros) for 10 days. Bone resorption pits were visualized by SEM. One representative view from each condition is shown. (B) Quantification of resorbed bone area for Ros in A. Bars show percentage averages of resorbed bone area ±S.D. \*P\<0.05. (C) The same assays in A were carried out with pioglitazone (Pio). (D) Quantification of resorbed bone area for Pio in C. Bars show percentage averages of resorbed bone area ±S.D. \*P\<0.05.](pone.0102706.g004){#pone-0102706-g004}

TZDs do not affect RANKL-induced activation of the NF-κB and MAPK pathways in BMMs {#s3b}
----------------------------------------------------------------------------------

To elucidate the molecular mechanism by which TZDs inhibit osteoclastogenesis, we first examine whether TZDs exert an effect on known RANK signaling pathways (NF-κB, JNK, ERK and p38) involved in osteoclastogenesis. BMMs were treated with M-CSF and RANKL only, or M-CSF and RANKL plus vehicle (DMSO), rosiglitazone or pioglitazone for 5 or 10 minutes. Activation of NF-κB, JNK, ERK and p38 pathways was determined using Western bot analysis as the levels of phosphorylated form of IκB, JNK, ERK and p38, respectively ([Figure 5](#pone-0102706-g005){ref-type="fig"}). RANKL treatment led to increased phosphorylation of IκB, JNK, ERK and p38 at 5 minute (lane 2) and 10 minutes (lane 6) compared to those without RANKL treatment (lane 1), replicating previous findings that RANKL activates NF-κB, JNK, ERK and p38 pathways in osteoclast precursors. However, phosphorylation of IκB, JNK, ERK and p38 were not considerably affected by DMSO (lanes 3 and 7), rosiglitazone (lanes 4 and 8) or pioglitazone (lanes 5 and 9). These findings indicate that rosiglitazone and pioglitazone do not exert considerable effects on the activation of the NF-κB, JNK, ERK or p38 pathways in osteoclast precursors.

![Rosiglitazone and pioglitazone exert no effects on RANKL-induced activation of the NF-κB, JNK, ERK and p38 pathways in BMMs.\
BMMs were cultured with M-CSF (44 ng/ml) to 20--30% confluence on 60-mm tissue culture dishes, and then treated with M-CSF (44 ng/ml) alone, M-CSF (44 ng/ml) and RANKL (100 ng/ml), M-CSF (44 ng/ml) and RANKL (100 ng/ml) plus vehicle (DMSO), 40 µM rosiglitazone (Ros) or pioglitazone (Pio) for 5 or 10 minutes (min). Activation of ERK, p38, NF-κB and JNK pathways was assessed as the level of the phosphorylated form of ERK, p38, IκB and JNK using Western analysis with antibodies against phospho-ERK, phospho-p38, phospho-IκB, and phospho-JNK, respectively. The blots were stripped and re-probed with antibodies against ERK, p38 and IκB for the expression levels of total proteins. Separate blots were probed with the antibody against JNK for the expression levels of the total JNK. Ratios of the phosphorylated form to the total protein for these signaling proteins were obtained by dividing the densitometric reading of the phosphorylated form with that of the total protein, and then the value calculated for 0 min was set as 1.00. All assays were repeated three times. One representative set of experiments is shown.](pone.0102706.g005){#pone-0102706-g005}

TZDs repress RANKL-induced expression of NFATc1, c-Fos and osteoclast genes {#s3c}
---------------------------------------------------------------------------

NFATc1 and c-Fos are two important transcriptional regulators of osteoclastogenesis [@pone.0102706-Takayanagi1], [@pone.0102706-Grigoriadis1]. To address whether TZDs exert an effect on NFATc1 and c-Fos expression, BMMs were treated with 40 µM rosiglitazone or pioglitazone for 1 or 2 days for Western blot analysis of NFATc1 and c-Fos expression. We found that both rosiglitazone and pioglitazone significantly suppressed RANKL-induced expression of NFATc1 (lane 2 vs. lanes 3 and 4; also lane 6 vs. lanes 7 and 8, top panel, [Figure 6A](#pone-0102706-g006){ref-type="fig"}) and c-Fos (lane 2 vs. lanes 3 and 4; also lane 6 vs. lanes 7 and 8, bottom panel, [Figure 6A](#pone-0102706-g006){ref-type="fig"}) in BMMs. Notably, RANKL not only induces NFATc1 expression but also activates NFATc1 by promoting its nuclear translocation in osteoclast precursors [@pone.0102706-Takayanagi1]. Thus, we further examined whether TZDs affect NFATc1 nuclear translocation in osteoclast precursors. BMMs were treated with 40 µM rosiglitazone or pioglitazone for 2 days and then cytoplasmic and nuclear extracts were prepared for Western blot analysis of NFATc1 levels in these subcellular fractions. We found that TZDs do not exert considerable effects on RANKL-induced nuclear translocation of NFATc1 ([Figure 6B](#pone-0102706-g006){ref-type="fig"}). These results indicate that TZDs inhibit osteoclastogenesis in part by suppressing RANKL-induced expression of the two key transcriptional regulators of osteoclastogenesis, NFATc1 and c-Fos.

![Rosiglitazone and pioglitazone repress RANKL-induced expression of NFATc1, c-Fos, TRAP, MMP9, Ctsk and Car2 genes but exert no effects on RANK expression.\
(A) BMMs were treated with M-CSF (44 ng/ml) and RANKL (100 ng/ml), M-CSF (44 ng/ml) and RANKL (100 ng/ml) plus DMSO or 40 µM rosiglitazone (Ros) or pioglitazone (Pio) for 24 hours (h), 48 h prior to lysis for Western blot assays with antibodies against NFATc1 (top panel) or c-Fos (bottom panel). The blots were stripped and then re-probed with β-actin antibody for loading control. Ratios of NFATc1/c-Fos to β-actin were obtained by dividing the densitometric reading of NFATc1/c-Fos with that of β-actin, and then the value calculated for the assay treated with M-CSF (44 ng/ml) and RANKL (100 ng/ml) was set as 1.00. The assays were repeated three times. One representative set of experiments is shown. (B) BMMs were treated with M-CSF (44 ng/ml) and RANKL (100 ng/ml), M-CSF (44 ng/ml) and RANKL (100 ng/ml) plus DMSO or 40 µM Ros or Pio for 48 h, and then cytoplasmic and nuclear extracts were prepared from the cells for Western analysis of NFATc1 expression. Lamin A/C was used to determine the quality of the cytoplasmic and nuclear extracts and also used as loading control for nuclear extract samples. β-actin was used as loading control for cytoplasmic extract samples. Densitometric values of cytoplasmic NFATc1 were normalized by β-actin densitometric values, whereas densitometric values of nuclear NFATc1 were normalized by those of lamin A/C. Ratios of nuclear NFATc1 to cytoplasmic NFATc1 were obtained by dividing normalized densitometric values of nuclear NFATc1 with normalized densitometric values of cytoplasmic NFATc1. The assays were repeated two times and one set of data is shown. (C) BMMs were treated with M-CSF (44 ng/ml), M-CSF (44 ng/ml) and RANKL (100 ng/ml), M-CSF (44 ng/ml) and RANKL (100 ng/ml) plus DMSO, or 40 µM Ros/Pio for 24 h, 48 h and 96 h prior to isolation of total RNAs for semi-quantitative RT-PCR analysis. The assays were repeated three times. One representative set of experiments is shown. (D) BMMs were treated with M-CSF (44 ng/ml) and RANKL (100 ng/ml), M-CSF (44 ng/ml) and RANKL (100 ng/ml) plus DMSO or 40 µM Ros/Pio for 24 h, 48 h prior to lysis for Western blot assays with an antibody against RANK. The blots were stripped and then re-probed with β-actin antibody for loading control. Ratios of RANK to β-actin were obtained by dividing the densitometric reading of RANK with that of β-actin, and then the value calculated for the assay treated with M-CSF (44 ng/ml) and RANKL (100 ng/ml) was set as 1.00. All assays were repeated three times. One representative set of experiments is shown.](pone.0102706.g006){#pone-0102706-g006}

Moreover, osteoclastogenesis involves differential regulation of the expression of numerous genes [@pone.0102706-Cappellen1], [@pone.0102706-Rho1]. Particularly, RANKL considerably up-regulates the expression of genes encoding MMP9, Car2, Ctsk, and TRAP [@pone.0102706-Cappellen1], [@pone.0102706-Rho1]. Thus, we next investigated whether TZDs affect the expression of these four representative osteoclast genes. As shown in [Figure 6C](#pone-0102706-g006){ref-type="fig"}, RANKL activated the expression of MMP9, Ctsk, TRAP and Car2 genes in BMMs at 24, 48 or 96 hours (lanes 2, 7 and 12). Rosiglitazone or pioglitazone markedly suppressed RANKL-induced expression of MMP9, Ctsk, TRAP and Car2 genes in BMMs at 24 (lanes 4--5), 48 (lanes 9--10), and 96 hours (lanes 14--15). The results indicated that TZDS significantly suppress RANKL-mediated expression of NFATc1, MMP9, Ctsk, TRAP and Car2 genes during osteoclastogenesis.

Given that previous studies demonstrated that TZDs inhibit osteoclastogenesis by decreasing the expression of RANK in bone marrow cells and RAW264.7 cells [@pone.0102706-Jiang2], [@pone.0102706-Cho1], we independently examined the effect of rosiglitazone or pioglitazone on RANK expression in BMMs. Towards this end, we treated BMMs with 40 µM rosiglitazone or pioglitazone for 1 or 2 days for Western blot analysis of RANK expression. In contrast, our data indicate that these two TZDs do not significantly affect the expression of RANK (lane 2 vs. lanes 3 and 4; also lane 6 vs. lanes 7 and 8, [Figure 6D](#pone-0102706-g006){ref-type="fig"}). Therefore, we conclude that TZDs directly inhibit RANKL-induced expression of NFATc1, c-Fos and osteoclast genes, not indirectly through the suppression of RANK expression.

The inhibitory effect of TZDs on osteoclastogenesis is significantly reduced in RANKL-pretreated BMMs {#s3d}
-----------------------------------------------------------------------------------------------------

We and others previously established that RANKL-mediated osteoclast lineage commitment dictates the effects of various factor including LPS, IFN-γ, IL-1 and TNF-α on osteoclastogenesis [@pone.0102706-Liu1]--[@pone.0102706-Wei1]. To determine whether RANKL-mediated osteoclast lineage commitment also modulates the action of TZDs in osteoclastogenesis, rosiglitazone or pioglitazone was added at the beginning of the osteoclastogenic assays, or 24 and 48 hours after the start of the assays. The data revealed that BMMs pretreated with RANKL for as short as 24 hours formed much more osteoclasts compared to BMMs without RANKL pretreatment in the presence of rosiglitazone ([Figures 7A--7B](#pone-0102706-g007){ref-type="fig"}) or pioglitazone ([Figures 7C--7D](#pone-0102706-g007){ref-type="fig"}). Notably, rosiglitazone or pioglitazone completely abolished osteoclastogenesis from fresh BMMs at the concentration of 40 µM, replicating our assays above ([Figure 3](#pone-0102706-g003){ref-type="fig"}). However, numerous osteoclasts formed from RANKL-pretreated BMMs in the presence of these TZDs at 40 µM. These findings indicate that RANKL-mediated osteoclast lineage commitment decreases the effects of TZDs on osteoclastogenesis.

![The inhibitory effects of rosiglitazone and pioglitazone on osteoclastogenesis are significantly decreased in RANKL-pretreated BMMs.\
(A) BMMs were cultured with M-CSF (220 ng/ml) until 30--40% confluence. Then, BMMs were treated with M-CSF (44 ng/ml) and RNAKL (100 ng/ml) for 4 days to stimulate osteoclastogenesis. Vehicle (DMSO), 20 µM or 40 µM of rosiglitazone (Ros) was added at the beginning of the assays (0 hour -- 0 h) or 24 h and 48 h after the start of the assays. The cultures were stained for TRAP activity. All assays were performed in triplicate and repeated 3 times and one representative view from each condition is shown. (B) Quantification of the osteoclastogenesis assays in A. The number of multinucleated TRAP-positive cells (\>3nuclei) per representative view area at 40× magnification was obtained. Bars show averages of three replicates ±S.D. \*P\<0.05. (C) The same set of assays in A was performed with pioglitazone (Pio). (D) The osteoclastogenesis assays in C were quantified as described in B. \*P\<0.05.](pone.0102706.g007){#pone-0102706-g007}

To further substantiate this notion, we carried out additional assays to investigate whether RANKL-mediated osteoclast lineage commitment affects the role of TZDs in osteoclastogenesis on bone slices since bone surfaces represent the physiological substratum for osteoclastogenesis and assays with bone slices are more physiologically relevant. Similar to our assays above in [Figure 4](#pone-0102706-g004){ref-type="fig"}, no bone resorption pits were found on bone slices with fresh BMMs cultured in the presence of 40 µM rosiglitazone (top row, [Figure 8A](#pone-0102706-g008){ref-type="fig"}) or 40 µM pioglitazone (top row, [Figure 8C](#pone-0102706-g008){ref-type="fig"}). But, bone slices with RANKL-pretreated BMMs in the presence of 40 µM rosiglitazone (middle and bottom rows, [Figure 8A](#pone-0102706-g008){ref-type="fig"}) or 40 µM pioglitazone (middle and bottom rows, [Figure 8C](#pone-0102706-g008){ref-type="fig"}) exhibited numerous resorption pits. Quantification of the bone resorption assays indicates that RANKL pretreatment significantly reduced TZD-mediated inhibitory effects on osteoclastogenesis on bone slices ([Figures 8B and 8D](#pone-0102706-g008){ref-type="fig"}). These findings further demonstrate that RANKL-mediated osteoclast lineage commitment diminishes the inhibitory effects of TZDs on osteoclastogenesis.

![The inhibitory effects of rosiglitazone and pioglitazone on the formation of functional osteoclasts on bone slices are significantly decreased in RANKL-pretreated BMMs.\
(A) BMMs were seeded on bone slices and treated with M-CSF (44 ng/ml) and RNAKL (100 ng/ml) for 10 days. Vehicle (DMSO), 20 µM or 40 µM of rosiglitazone (Ros) was added at the beginning of the assays (0 hour -- 0 h), or 24 h and 48 h after the start of the assays. Bone resorption pits were visualized by SEM and one representative view from each condition is shown. All assays were performed in duplicates and were repeated 2 times. (B) Quantification of bone resorption assays for rosiglitazone in A. 5 view areas on each bone slice were randomly chosen. Bars show mean percentage of resorbed bone area ±S.D. \*P\<0.05. (C) The same set of assays in A was performed with pioglitazone (Pio). (D) The bone resorption assays in C were quantified as described in B. \*P\<0.05.](pone.0102706.g008){#pone-0102706-g008}

The inhibitory effect of TZDs on the expression of NFATc1, c-Fos and osteoclast genes is significantly impaired in RANKL-pretreated BMMs {#s3e}
----------------------------------------------------------------------------------------------------------------------------------------

To delineate the molecular mechanism by which RANKL-mediated osteoclast lineage commitment modulates the action of TZDs in osteoclastogenesis, we examined the effect of TZDs on the expression of NFATc1 and c-Fos in RANKL-pretreated BMMs. Similar to our above assays in [Figure 6A](#pone-0102706-g006){ref-type="fig"}, rosiglitazone and pioglitazone dramatically suppressed RANKL-induced expression of NFATc1 (top panel, lane 2 vs. lanes 3 and 4, [Figure 9A](#pone-0102706-g009){ref-type="fig"}) and c-Fos (bottom panel, lane 2 vs. lanes 3 and 4, [Figure 9A](#pone-0102706-g009){ref-type="fig"}) in fresh BMMs, the inhibitory effect of these two TZDs on NFATc1 (top panel, lane 6 vs. lanes 7 and 8, [Figure 9A](#pone-0102706-g009){ref-type="fig"}) and c-Fos (bottom panel, lane 6 vs. lanes 7 and 8, [Figure 9A](#pone-0102706-g009){ref-type="fig"}) was almost abrogated when BMMs were pretreated with RANKL. Finally, we also assessed the effects of TZDs on RANKL-mediated expression of the four osteoclast genes in RANKL-pretreated BMMs. Similarly, rosiglitazone or pioglitazone significantly inhibited RANKL-induced expression of MMP9, Ctsk, TRAP and Car2 genes in fresh BMMs (left panel, lane 2 vs. lane 3 and 4, [Figure 9B](#pone-0102706-g009){ref-type="fig"}). In contrast, once BMMs were treated with RANKL, the capacity of these two TZDs to suppress RANKL-induced expression of these osteoclast genes was considerably reduced (right panel, lane 6 vs. lanes 7 and 8, [Figure 9B](#pone-0102706-g009){ref-type="fig"}). Taken together, these results indicate that RANKL pretreatment reduces the inhibitory effect of TZDs on osteoclastogenesis in part by rendering NFATc1, c-Fos and osteoclast genes refractory to the action of TZDs.

![The inhibitory effects of rosiglitazone and pioglitazone on the expression of NFATc1, c-Fos, TRAP, MMP9, Ctsk and Car2 genes are significantly impaired in RANKL-pretreated BMMs.\
(A) Fresh BMMs (No Pretreatment) or BMMs pretreated with M-CSF (44 ng/ml) and RANKL (100 ng/ml) for 48 h (RANKL Pre 48 h) were treated with M-CSF (44 ng/ml) and RANKL (100 ng/ml), M-CSF (44 ng/ml) and RANKL (100 ng/ml) plus DMSO, 40 µM rosiglitazone (Ros) or pioglitazone (Pio) for 48 hours (h). Cells were then lysed for Western blot analysis of NFATc1 expression. For c-Fos assays, BMMs were pretreated with RANKL for 12 h before culturing with two TZDs for additional 12 h prior to Western blot analysis. The blots were stripped and then re-probed with β-actin antibody for loading control. Ratios of NFATc1/c-Fos to β-actin were obtained by dividing the densitometric reading of NFATc1/c-Fos with that of β-actin, and then the value calculated for the assay treated with M-CSF (44 ng/ml) and RANKL (100 ng/ml) was set as 1.00. The assays were repeated 3 times and the same results were obtained. One typical set of assays is shown. (B) The same set of cultures in A for NFATc1 was repeated for semi-quantitative RT-PCR analysis of the expression of TRAP, MMP9, Ctsk and Car2 genes using GAPDH gene as control. The assays were repeated 3 times and the same results were obtained. One set of assays is shown.](pone.0102706.g009){#pone-0102706-g009}

Discussion {#s4}
==========

Effects of TZDs on osteoclastogenesis were initially investigated almost 15 years ago by Okazaki and coworkers who carried out their study using mouse whole bone marrow cultures and demonstrated that rosiglitazone, pioglitazone and troglitazone all inhibited osteoclastogenesis in the whole bone marrow culture system [@pone.0102706-Okazaki1]. Although whole bone marrow cultures contain different cell types including bone marrow stromal cells, TZDs are likely to exert inhibitory effects on osteoclastogenesis directly by targeting osteoclast precursors rather than indirectly by modulating the production of RANKL and/or OPG by bone marrow stromal cells since these investigators showed that troglitazone did not affect the expression of RANKL or OPG in bone marrow stromal cells [@pone.0102706-Okazaki1]. Subsequently, two groups demonstrated that rosiglitazone suppressed RANKL-induced osteoclast formation from primary bone marrow macrophages [@pone.0102706-Cho1] and MOCP-5 cells [@pone.0102706-Hassumi1], a mouse osteoclast precursor cell line [@pone.0102706-Chen1]. Pioglitazone was shown to inhibit RANKL-induced osteoclastogenesis from mouse macrophage-like cell line RAW264.7 cells [@pone.0102706-Jiang2]. Moreover, it was also demonstrated that rosiglitazone and pioglitazone block TNF-α-induced osteoclast differentiation from RAW264.7 cells [@pone.0102706-Yang1]. These findings indicate that TZDs exert inhibitory effects on murine osteoclastogenesis and they do so directly by targeting osteoclast precursors. Finally, two studies demonstrated that ciglitazone inhibits RANKL- and TNF-α-induced differentiation of human peripheral monocytes into osteoclasts [@pone.0102706-Chan1], [@pone.0102706-Hounoki1]. Collectively, these seven independent investigations provide several lines of evidence supporting a notion that TZDs exert inhibitory effects on osteoclastogenesis.

Intriguingly, in 2007 Wan and coworkers demonstrated that rosiglitazone enhances RANKL-induced osteoclastogenesis in an PPARγ-dependent manner, proposing a concept that TZDs induce bone loss in patients with T2DM in part by promoting osteoclastogenesis [@pone.0102706-Wan1]. Furthermore, a recent study has also shown that rosiglitazone exerts a stimulatory effect on osteoclastogenesis in vitro [@pone.0102706-Wu1]. The stimulatory role of TZDs in osteoclastogenesis has been highlighted in several recent review papers [@pone.0102706-Wan2], [@pone.0102706-Ahmadian1], further promoting the view that TZDs induce bone loss in T2DM patients in part by enhancing osteoclast formation.

Several factors prompted us to carry out this study to further address the role of TZDs in osteoclastogenesis. First, the role of TZDs in osteoclastogenesis remains highly contentious and this controversy raises a concern about the notion that TZDs induce bone loss in T2DM patients in part by enhancing osteoclastogenesis [@pone.0102706-Wan2], [@pone.0102706-Ahmadian1]. We feel that a precise understanding of the role of TZDs in osteoclast formation is a prerequisite for further delineating the mechanism by which TZDs increase fracture risks; Secondly, a better understanding of the role of TZDs in osteoclastogenesis can assist in elucidating the precise role of PPARγ in osteoclastogenesis, which will facilitate future efforts to develop better PPARγ agonists; Thirdly, this study was also promoted by our recent studies revealing that RANKL-mediated osteoclast lineage commitment dictates the effect of various factors such as LPS, IFN-γ, IL-1 and TNF-α on osteoclastogenesis [@pone.0102706-Liu1]--[@pone.0102706-Wei1]. For example, early investigations on the role of LPS in osteoclastogenesis also generated conflicting results; while the majority of studies showed that LPS stimulates osteoclast formation, a few demonstrated that LPS exerts an inhibitory effect on the process. We later found that LPS inhibits osteoclast formation from normal BMMs but enhances osteoclastogenesis when BMMs are pretreated with RANKL [@pone.0102706-Liu1]; this led to a realization that the conflicting data on the role of LPS in osteoclastogenesis might result from cells with different states of lineage commitment used by different groups. So, our initial hypothesis was that RANKL-mediated osteoclast lineage commitment also modulates the effect of TZDs on osteoclastogenesis; specifically, TZDs inhibit osteoclastogenesis from normal BMMs but enhances osteoclastogenesis from RANKL-pretreated BMMs. Finally, a need for further studies to address the controversy is also raised by other investigators [@pone.0102706-Mabilleau1].

In light of the controversy, we carried out a series of *in vitro* osteoclastogenesis assays in this study to independently and thoroughly investigate the effect of TZDs on osteoclastogenesis using primary BMMs (namely, authentic osteoclast precursors) and two TZDs (rosiglitazone and pioglitazone). More importantly, we also validated key osteoclastogenesis data obtained from tissue culture plates by performing bone resorption assays to assess the formation of functional osteoclasts on bone slices, which represent the physiological substratum for osteoclastogenesis. We found that both rosiglitazone and pioglitazone dose-dependently inhibit osteoclastogenesis *in vitro* from normal BMMs (namely, primary BMMs which were freshly isolated and not subjected to treatments with RANKL or any other factors), replicating the findings from these seven previous studies [@pone.0102706-Okazaki1]--. To test our hypothesis that TZDs inhibit osteoclastogenesis from normal BMMs but enhances osteoclastogenesis from RANKL-pretreated BMMs, we further determined whether rosiglitazone and pioglitazone can promote osteoclastogenesis with low levels of RANKL or from RANKL-pretreated BMMs. Unexpectedly, we found that neither rosiglitazone nor pioglitazone was able to mediate osteoclastogenesis in the presence of low levels of RANKL or from RANKL-pretreated BMMs. Nonetheless, we found that the inhibitory effect of both rosiglitazone and pioglitazone is significantly reduced in RANKL-pretreated BMMs compared to normal BMMs. Thus, our data indicate that rosiglitazone and pioglitazone are unable to enhance osteoclastogenesis under any circumstances and this finding is inconsistent with those from two previous studies [@pone.0102706-Wan1], [@pone.0102706-Wu1].

Obviously, the inhibitory effect of TZDs on osteoclastogenesis is counterintuitive given that clinical data indicate that TZD treatments cause bone loss and increase fracture risks in T2DM patients. So, how can our findings explain the clinical observation? To address this issue, we would like to highlight following important observations: a) TZDs inhibit osteoblast differentiation and bone formation [@pone.0102706-LeckaCzernik1]--[@pone.0102706-Rzonca1]; b) TZDs induce bone loss in ovariectomized rats but not in intact rats [@pone.0102706-Sottile1]; c) TZD-induced bone loss is more pronounced in postmenopausal women [@pone.0102706-Grey1], who have increased levels of RANKL expression on bone marrow cells compared to premenopausal counterparts [@pone.0102706-EghbaliFatourechi1]. Based on these observations and our current findings, we propose the following hypothesis to explain how TZDs induce bone loss and increase fracture risks in postmenopausal T2DM patients: in premenopausal T2DM patients, TZDs inhibit both osteoblast differentiation (bone formation) and osteoclast differentiation (bone resorption) probably to similar extents, thus resulting in no significant net change in bone mass. However, the onset of menopause leads to increases in RANKL levels, which augment the commitment of BMMs into the osteoclast lineage. As a consequence, the inhibitory effect of TZDs on osteoclast differentiation (bone resorption) is reduced based on our current finding while the extent of TZDs-mediated inhibition on osteoblast differentiation (bone formation) remains the same; this therefore leads to bone loss and increases in fracture risks in postmenopausal T2DM patients. Future studies should be carried out to test this hypothesis using ovariectomized mouse and/or rat models.

We extended our study to investigate the molecular mechanism by which TZDs suppress osteoclastogenesis. Our data indicate that rosiglitazone and pioglitazone inhibit osteoclastogenesis not through impairing RANKL-induced activation of the NF-κB, JNK, p38 and ERK pathways in BMMs. However, both rosiglitazone and pioglitazone inhibit RANKL-induced expression of NFATc1 and c-Fos, two key transcriptional regulators of osteoclastogenesis [@pone.0102706-Takayanagi1], [@pone.0102706-Grigoriadis1], and four osteoclast genes (TRAP, Ctsk, MMP9 and Car2). This observation is consistent with previous studies showing that rosiglitazone inhibits osteoclastogenesis from MOCP-5 osteoclast precursor cell line by down-regulating TRAP expression [@pone.0102706-Hassumi1] and that rosiglitazone and pioglitazone block TNF-α-induced osteoclastogenesis by suppressing NFATc1 expression [@pone.0102706-Yang1]. Interestingly, two groups demonstrated that RANK expression was down-regulated by rosiglitazone in BMMs [@pone.0102706-Cho1] and by pioglitazone in RAW264.7 cells [@pone.0102706-Jiang2], suggesting that these TZDs may inhibit osteoclastogenesis by down-regulating RANK expression. It is noted that Wan et al previously showed that rosiglitazone not only enhances osteoclastogenesis but also mechanistically does so by up-regulating the expression of NFATc1 and the four osteoclast genes [@pone.0102706-Wan1]. Their findings completely conflicts with ours in this study in that rosiglitazone and pioglitazone inhibits osteoclastogenesis in part by down-regulating the expression of NFATc1, c-Fos and the four osteoclast genes, and even in RANKL-pretreated BMMs rosiglitazone and pioglitazone were unable to up-regulate the expression of NFATc1 and the four osteoclast genes.

Our study has also raised several crucial issues which need to be further addressed to gain a complete understanding of the role and mechanisms of TZDs in osteoclast biology. The first question is whether TZDs mediate the inhibitory effects on osteoclastogenesis through PPARγ. Although TZDs were established as agonists of PPARγ, these synthetic compounds may also bind to other intracellular molecules. So, future studies are needed to address whether TZDs inhibit osteoclastogenesis in PPARγ-dependent or -independent manner. Secondly, if TZDs inhibit osteoclastogenesis in PPARγ-dependent fashion, a question arises regarding the molecular mechanism by which TZDs suppress osteoclastogenesis. Elucidation of the molecular mechanism underlying the inhibitory role of TZDs in osteoclastogenesis may guide the future development of new and better PPARγ agonists for therapy. Thirdly, it is noted that Wan et al investigated the role of PPARγ in osteoclastogenesis *in vivo* using a mouse model in which PPARγ is deleted in endothelial cells and multiple hematopoietic lineages [@pone.0102706-Wan1]. If future *in vitro* studies demonstrate that TZDs inhibit osteoclastogenesis in PPARγ-dependent fashion, new animal models in which PPARγ is selectively deleted in osteoclast precursors (namely, hematopoietic cells of the monocyte/macrophage lineage) should be developed to better address the role of PPARγ in osteoclastogenesis *in vivo*.

In summary, the findings from this study combined with those from seven previous studies collectively support the notion that TZDs inhibit osteoclastogenesis. Moreover, our study also reveals new insights into the molecular mechanism by which TZDs inhibit osteoclastogenesis. These findings are significant since the precise understanding of the role of TZDs on osteoclastogenesis *in vitro* is required for designing proper animal model studies to delineate the mechanisms by which TZDs induce bone loss *in vivo*. Furthermore, our findings in this study highlight the importance of further investigation of the role of PPARγ in osteoclastogenesis *in vitro* and *in vivo*. These future studies will not only provide a better understanding of the role and mechanisms of TZDs and PPARγ in osteoclast biology but, more importantly, also facilitate development of better PPARγ agonists with no or fewer side effects for T2DM patients.
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